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Abstract
Our previous IoT based prosthetic arm prototype used servo motors to control finger movement
through an Arduino Mega, which is connected to the muscle, pulse, and temperature sensors. The
Arduino Mega was also connected to a Raspberry Pi 3 model B to transfer data from/to an online
web application. One major limitation encountered during testing this prosthetic device was the
space occupied by these components, which makes the device bulky. In addition, these servo
motors cannot control the movement of the prosthetic device precisely. In this paper, we propose
to improve on the existing prosthetic limb prototype by transitioning the electromechanical system
to linear actuators and replacing the larger Arduino Mega and Raspberry Pi 3 with the smaller
Arduino Nano and Raspberry Pi Zero W, respectively. These changes will result in a more costeffective, more stable, and more accurate prototype, resulting in better performance.
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1. Introduction
The field of prosthetics focuses on the development of artificial limbs to help restore functionality
to persons who have lost or are missing one or more limbs. Early prosthetics made use of wood,
copper, iron, and steel, but had limited functionality. At present, modern technology, such as 3D
printing and connected devices, can be used to produce advanced prosthetic limbs. Nearly two
million amputees are living in the US, and 54% of them has vascular diseases including diabetes
and peripheral arterial disease [1]. Patients in this category can see benefits from the application
of connected devices to the area of healthcare devices. These benefits may include the ability of
doctors to remotely monitor patients with chronic and long-term ailments, allowing patients
themselves to monitor their own data, and allowing caregivers to receive relevant data quickly.
With these goals in mind, an Internet of Things (IoT) and mobile sensor platform based prosthetic
device and prototype were developed [2][3][4][5]. Our undergraduate research team at the New
York City College of Technology designed a prototype of an IoT system for Myo-Prosthetics [6].
Our prototype consists of microcontrollers, web-based components, electromechanical system,
and sensors that can transmit the user’s biosignals via an IoT system. The developed prosthetic
used servo motors to drive fingers movement, an Arduino Mega to control the servo motors, and
a Raspberry Pi 3 to exchange data between the Arduino and an online database. Each previous
prototype of the prosthetic arm was manufactured using Fused Deposition Modeling (FDM). FDM
is the most common method of 3D printing and is extremely useful for rapid prototyping [7]. The
process can be cost-effective for making prototypes on a limited budget. The previous prototypes
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of the prosthetic design [6] were useful in understanding the process of designing and prototyping
a prosthetic limb. However, the previous prototypes were less than functional as a prototype
regarding their size, power consumption, and basic functionality of grasping objects precisely. At
each prototype generation, the goals of the research were narrowed and refined.
This current research will improve on the existing prosthetic arm by transitioning the
electromechanical system to linear actuators. The linear actuator will allow for a wider range of
fingers movement with improved accuracy, as well as provide the necessary force for the hand to
be able to grab objects. The muscle, pulse, and temperature sensors are included in this prosthetic
arm to enable the patient or health professionals to monitor the users’ health. In addition, a
Raspberry Pi Zero W will replace the larger Raspberry Pi 3 Model B, and an Arduino Nano will
replace the larger Arduino Mega microcontroller. The benefits of upgrading the hardware are costeffectiveness, enhanced accuracy, and system stability.
The remainder of this paper is organized as follows: the initial hardware architecture design and
research is introduced in Section 2. Improved IoT prosthetic hardware design and changes is
presented in Section 3. Experiment with linear actuator and analysis is discussed in Section 4.
Finally, we conclude the work in Section 5.
2. The Initial Hardware Architecture Design and Research
Microprocessors and several microcontrollers, such as Arduino Uno, Arduino Mega, the Intel
Edison, the Raspberry Pi 3 Model B, or the ESP32 [7], were initially used as the central unit for
the prosthetic arm. Fig. 1 shows our initial hardware design infrastructure of the Myoelectric
prosthetic arm. The hardware connections are located inside the Myo-prosthetic arm. All the
sensors are connected to the microprocessor situated near the center of the prosthetic arm. The

Fig 1. Distribution of bio-sensors and network Fig. 2. The servo motors controlled by the Arduino Mega 2560

electrodes are located at the socket of the prosthetic limb. The analog signals are gathered using
electrodes and sensors in the prosthetic. The acquired signals are collected and then sent to the
Raspberry Pi 3 Model B located in the middle of the prosthetic arm. The myoelectric signal will
then be used to control the actuators and servo motors. The sensed signal such as temperature and
pulse will be uploaded to a Firebase database via Wi-Fi and then distributed to the chosen
endpoints. The system allows the user to be notified and enables the data to be accessed by relevant
persons to monitor the patient’s health. Our initial design used servo motors attached to strings
along a 3D printed hand for the electromechanical portion. The schematic in Fig 2 shows that the
five servos are connected to the Arduino Mega 2560. The analog input to the system can be any
sensor like a pulse sensor, joystick, or MyoWare muscle sensor. Fig.3 shows three implemented
models of the myo-prosthetic device with servo motor and sensors.
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Fig. 3. Our three myo-prosthetic models with servo motors and sensors

We noticed some drawbacks in the system that need to be tackled. First, a prosthetic must be small
and light enough to be wielded by the user. A prosthetic that is large and heavy does not serve its
purpose very well. Previous prototypes, however, were bulky because of the design and the use of
plastic in the manufacturing process. Besides, because of the desire to add specific advanced
capabilities, such as patient monitoring and remote data transmission, previous prototypes erred
on the side of being larger to accommodate a microcontroller and a single board computer, as well
as the electromechanical components for fingers control. Second, a prosthetic must be able to
emulate the capacity of a muscle to extend or contract in a linear way. Previous prototypes,
although able to grasp small objects, cannot make a linear motion.
3. Improved IoT Prosthetic Hardware Design and Changes
The design modification focuses on the more efficient use of space and a wider range of fingers
movement with improved accuracy. It involves replacing the current mechanical drive system and
making better use of the limited space that is available inside of the prosthetic by substituting the
previous electronics components with smaller components that achieve the same purpose. The new
design uses a linear actuator, Arduino Nano, and Raspberry Pi Zero W. A linear actuator is an
electromechanical device that translates the circular motion of a motor into linear displacement of
some slider mechanism. For this prototype, we chose a dual-phase bipolar micro stepper motorbased screw and slider linear actuator. The benefit of the use of a linear actuator is that the approach
allows for more accuracy of movement, resulting in more precise motor control for the fingers.
Another benefit is that a linear actuator uses a screw and slider mechanism to hold its position even
when power has been removed from the circuit, which results in a more energy efficient design.
There is a significant benefit when dealing with battery-driven systems. Previous prototypes used
Arduino Mega for the control of the mechanical drive system and for receiving the sensors data.
The prototype system used a Raspberry Pi 3 Model B for the transmission of the sensors data to a
remote database for remote patient monitoring. The current prototype will replace Arduino Mega
with Arduino Nano, which is approximately 85% smaller than the size of the Arduino Mega [9].
Similarly, the Raspberry Pi 3 Model B will be replaced by the Raspberry Pi Zero W, which is
about 50% smaller than the size of Pi 3 Model B [10]. These changes will help decrease the overall
size required of the prototype.
Fig. 4 shows our new hardware design to address the issues found in the previous design. The
improved hardware systems involve two new subsystems. The first subsystem encompasses the
robotic hand, which uses linear actuators controlled by an Arduino Nano and a muscle sensor.
Each linear actuator is stepper motor-based, and it controls one of the fingers. Each actuator
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Fig. 4. Improved IoT prosthetic control system with the Arduino Nano, the linear actuator, and the sensors

requires a dedicated A4988 stepper motor driver. A single Arduino Nano can control all the five
linear actuators because only two Arduino digital pins are needed to control a stepper motor driver.
The step pin from the stepper motor driver controls how many steps the actuator will run, and the
direction pin controls the direction the motor rotates. Greater control over the robotic hand can be
achieved by calculating the number of steps required to move the linear actuator a certain distance.
The displacement can be determined using the step angle of the motor and the screw pitch of the
screw-slider mechanism:
R∗X
N=
P
Where N = Number of steps, R = Steps per revolution of the motor, X = Displacement, and P =
Screw Pitch. Since the step angle of our linear actuator stepper motor is 18 degrees:
degrees
360 degrees
R = 360
=
= 20 Steps per revolution
Step angle
18 degrees
20∗𝐷
And since the screw pitch is 0.5mm:𝑁 = 0.5 = 40 ∗ 𝑋. Therefore, based on the manufacturer’s
data, the theoretical formula for calculating the number of steps (N) to move the linear actuator a
specific distance (D) is 𝑁 = 40 ∗ 𝐷. The second subsystem includes a network of sensors,
including pulse and temperature sensors, whose analog data are collected by a second Arduino
Nano and then transmitted to a remote database via Raspberry Pi Zero W. The Pi Zero W is
programmed to act as a gateway for communicating with outside networks. Besides, two
independent power supplies are needed to make sure there is no voltage or current conflict over
the electrical components since the linear actuator require minimum 8V to operate, and other parts
require logic 5V DC supply
4. Experiment with Linear Actuator and Analysis

Fig.5. Linear actuator calibration and setup
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Fig. 6. The linear actuator is calibrated by empirical data: 670 pulses corresponds to 1cm of the slider movement

The linear actuator is based on a bipolar stepper motor and a slider-screw mechanism. The two
phases (Motor A+, Motor A-, Motor B+, and Motor B-) of the linear actuator's bipolar stepper
motor are connected to the motor driver outputs. The required 9V power supply to drive the motor
is attached to the stepper driver. The stepper driver signal inputs for Step and Direction are
respectively connected to digital pins 3 and 4 of the Arduino Uno. Each pulse sent to the Step pin
of the driver moves the stepper motor one full step while setting the Direction pin either HIGH or
LOW allows the motor to turn clockwise or counterclockwise, respectively. Finally, the VDD and
GND pins of the stepper driver are connected to the 5V and GND pins of the Arduino Uno to
power the stepper driver board itself.
Table 1 Linear actuator calibration

Linear Actuator Calibration Data
No. of Pulses, n Displacement, x (mm) Slope = Δn
Δx

200
400
600
800

3
6
9
12

66.7

The data provided by the manufacturer of the linear actuator proved to be unreliable in terms of
calculating distance moved based on the number of steps. An initial theoretical calculation
(N=40*X) of the number of steps needed to move the slider 1mm was not confirmed when the
motor was tested. Therefore, the linear actuator had to be calibrated by empirical data.
The stepper motor calibration has been done using the following method ((Fig.5 and Fig.6): using
an Arduino programming, a range of pulses from 200 to 800 are used as calibration steps. For each
pulse, a measurement of the distance, in millimeters, moved by the slider is taken. Over the range
of pulses, the slope of the measurements was found to be 66.7 pulse/mm (Table 1). As a result, 67
pulses corresponds to 1mm of the slider movement. Therefore, any required displacement in mm
can be obtained by multiplying the desired distance by 67 pulses, and any displacement in cm can
be obtained by multiplying the desired distance by 667 pulses. Fig. 7 shows control of finger
movement with a linear actuator and the Arduino Nano. The finger can precisely move 1cm.

Fig. 7 Control of finger movement with a linear actuator and the Arduino Nano
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5. Conclusions
This research into the creation of an IoT-based prosthetic device continues to evolve as new ideas
and methods are tested and implemented. At this stage of the development, we present an approach
to revising and improving the electromechanical design and functionality of our existing prototype.
In addition, revising the current control system with smaller control system components will
benefit the prototype by saving space while decreasing size, weight and cost. Future research will
be conducted into the physical design changes that can improve the usefulness of this prosthetic
device for persons requiring its use. This includes research into the ways that we can improve the
3D printed design as well as the printing process. These considerations may be able to further
reduce the weight of the overall device, making it more user-friendly.
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